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We report high-pressure magnetization and 35Cl NMR studies on α-RuCl3 with pressure up to
1.5 GPa. At low pressures, the magnetic ordering is identified by both the magnetization data
and the NMR data, where the TN shows a concave shape dependence with pressure. These data
suggest stacking rearrangement along the c-axis. With increasing pressure, phase separation ap-
pears prominently at P ≥ 0.45 GPa, and the magnetic volume fraction is completely suppressed at
P ≥ 1.05 GPa. Meanwhile, a phase-transition-like behavior emerges at high pressures in the remain-
ing volume by a sharp drop of magnetization M(T ) upon cooling, with the transition temperature
Tx increased to 250 K at 1 GPa. The 1/
35T1 is reduced by over three orders of magnitude when
cooled below 100 K. This characterizes a high-pressure, low-temperature phase with nearly absent
static susceptibility and low-energy spin fluctuations. The nature of the high-pressure ground state
is discussed, where a magnetically disordered state is proposed as a candidate state.
I. Introduction
The Kitaev model in a honeycomb lattice, which is
exactly solvable with a spin-liquid ground state1, has
caused intensive research interests. It was only recently
discovered that the iridates2–6 and the α-RuCl3
7–14,
which have layered honeycomb lattice, contain the Ki-
taev exchange interactions. Interplay of spin-orbital
couplings, Hubbard interactions, and Hund’s coupling
gives rise to an effective spin-1/2 quantum compass
model15–20. Although zigzag type magnetic ordering was
found at low temperatures in these systems because of
the existence of non-Kitaev terms21–24, proximate Ki-
taev spin liquid behaviors are manifested by fermionic
and continuum-like excitations observed in inelastic neu-
tron and Raman scatterings10,25–27.
Since the ordered moment in the zigzag order is
small26, spin-liquid-like behaviors may be observed if the
magnetic order is suppressed under various external con-
ditions. For instance, the magnetic ordering in α-RuCl3
is suppressed by magnetic fields larger than 7.6 T aligned
in the ab-plane, where unconventional properties were re-
ported in the magnetically disordered phase28–33. More
surprisingly, a recent high-pressure specific heat measure-
ment on α-RuCl3 reveals that the Ne´el temperature TN
is enhanced by pressure; above 0.7 GPa, however, no
signature of magnetic transition is seen at low tempera-
tures, where a spin-liquid ground state was proposed34.
High-temperature magnetic studies are highly desired to
uncover the true nature of this high-pressure phase.
In this paper, we report both the magnetization M(T )
and the 35Cl NMR studies on α-RuCl3 single crystals,
with pressure up to 1.5 GPa. Our main findings are
summarized in the (P , T ) phase diagram shown in
Fig. 1(a). At low pressures, a paramagnetic (PM) to
a long-range-ordered antiferromagnetic (AFM) phase is
seen, but the magnetic transition temperature TN first
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FIG. 1: (a) The (P , T ) phase diagram of α-RuCl3 deter-
mined by the M(T ) and the NMR data under different field
conditions. TN represents the Ne´el transition to a magneti-
cally ordered phase (AFM) at low pressures, and Tx the high-
temperature phase transition to a magnetically disordered
phase. (b) The volume fraction (VF) of the AFM phase as a
function of pressure determined by the 35Cl spectral weight
at different phases.
decreases with pressure, and increases again when pass-
ing through 0.5 GPa. Meanwhile, the volume fraction
of this magnetic phase decreases with pressure, and is
completely suppressed at P ≥ 1.05 GPa (Fig. 1(b)). In-
terestingly, another phase-transition-like behavior is ob-
served in the remaining sample volume, with a very high
onset temperature labelled as Tx. Tx is about 120 K at
0.5 GPa, and increases to 250 K at 1.0 GPa. The emer-
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2gent low-temperature, high-pressure phase has largely re-
duced magnetization and 1/35T1, whose nature needs to
be further investigated.
The paper is organized as the following. Material
growth and measurement techniques are shown in Sec-
tion II. The magnetization data are presented in Sec. III.
The NMR data with field applied along the c-axis are
presented in Sec. IV for the low-pressure phase, and in
Sec. V for the high-pressure phase. Sec. VI shows the
NMR measurements with field applied in the ab-plane.
Detailed discussions and possible scenarios for the high-
pressure phase are given in Sec. VII, and a short summary
is given in Sec. VIII.
II. Materials and methods
The single crystals were grown by a chemical vapor
transport method30. The high-pressure dc magnetiza-
tion measurements were performed in a SQUID (Quan-
tum Design) with a 2 T field applied in the ab-plane of
the crystal, where a single crystal was placed in a BeCu
pressure cell, with daphne 7373 as the pressure medium.
For NMR measurements, a single crystal was placed in
a NiCrAl pressure cell, using the same pressure medium.
The pressure values presented in this article were cali-
brated by the Cu2O NQR frequency
35 measured at 5 K.
For NMR measurements, we primarily report the mea-
surements with field applied along the c-axis. The data
with field applied in the ab-plane are also briefly re-
ported for comparison. The 35Cl (spin-3/2) spectra
were taken by the standard spin-echo sequence pi/2−τ−pi
(pi/2 ≈ 1 µs). The low-pressure phase has very short
35T1 and short
35T2 (≈ 500 µs), and the high-pressure
phase has long 35T1 and long
35T2(≥ 100 ms). The
low-pressure phase is selected by fast requisition af-
ter applying a pi/2 pulse in advaced of the spin echo.
The high-pressure phase is selected by using very long
τ (≈ 100 ms) in the spin echo sequence. The spin-
lattice relaxation rates are measured by the magneti-
zation inversion-recovery method, with the magnetiza-
tion fit by I(t)/I(∞) = a−0.1e−(t/T1)β−0.9e−(6t/T1)β .
Here β ≈ 1 in the low-pressure paramagnetic phase, and
β ≥ 0.5 in the high-pressure phase. We tested that all
our observations are reversible with pressure.
III. Magnetization data and analysis
The dc magnetization was measured in the pressure
cell with a constant field of 2 T applied in the ab-plane.
The data are shown in Fig. 2 with escalating pressures
up to 1 GPa, the highest in the current system. At zero
pressure, the magnetic phase transitions to the ordered
states are identified by the peaked feature at TN ≈13.6 K.
This transition temperature is consistent with AB stack-
ing of the crystal26. A second drop is also noticeable at
7.8 K, consistent with the ABC stacking26.
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FIG. 2: The dc magnetization M(T ) measured as functions
of temperatures at different pressures. The field is set at 2 T
in the ab-plane of the crystal. The down arrows point at the
TN by the peaked feature in M(T ), and the up arrows point
at an onset temperature Tx for a sudden drop of M .
The transition temperature TN , marked by the down
arrows at positions of sharp drops in M(T ), changes with
pressure. As shown in Fig. 1(a), TN first decreases with
pressure, then increases weakly with pressure at P ≥0.5
GPa, and becomes unresolvable at P = 1.0 GPa.
At pressure above 0.4 GPa, however, a second de-
crease in M is seen when cooled below a high temper-
ature labelled as Tx. With increasing pressure, Tx moves
up quickly, and the drop of M below Tx becomes more
prominent. Tx climbs from 120 K at 0.5 GPa to 250 K at
1.0 GPa, and still does not saturate. At 1.0 GPa, M is re-
duced by 75% when cooled from 250 K to 240 K, which in-
dicates a new low-temperature, high-pressure phase with
significantly reduced static susceptibility. In particular,
the rapid decrease of M in such a narrow temperature
window strongly supports a phase transition at Tx.
At 0.4 GPa ≤P≤ 1.0 GPa, a phase separation below Tx
is suggested by a double drop of M at both Tx and TN ,
and a progressive reduction in M with pressure below
Tx. This is later revealed in our NMR study, where a
long-35T1 phase is seen at P ≥ 1.05 GPa, whereas both
a long-35T1 phase and a short-
35T1 phase are resolved at
0.45 GPa ≤P≤ 1.05 GPa.
IV. 35Cl spectra and 1/35T1 for the low-pressure
antiferromagnetic phase
We first present data of a crystal measured under 12
T field applied along the c-axis, in which case the TN is
less affected by field22,23,36. In the paramagnetic phase,
nine NMR lines are expected, given one center line and
two satellites for each 35Cl site, and three inequivalent
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FIG. 3: (a)-(e): The 35Cl NMR spectra for the AFM phase 16 K (above TN ) and 4 K/6 K (below TN ) at typical pressures.
All measurements are performed under 12 T field along the c-axis. The same y-axis scale is used for all figures, with vertical
offsets for clarity. A τ ≈ 35 µs is used in the echo sequence (Sec. II). The down arrows mark the position where the 35T1 were
measured and shown in Fig. 4.
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FIG. 4: The spin-lattice relaxation rate 1/35T1 as functions
of temperatures for the low-pressure, short-35T1 phase. The
inset is an enlarged view of the low-temperature data, with
down arrows mark the TN , characterized by the peaked fea-
ture in 1/35T1 .
35Cl sites under magnetic field30. As shown in Fig. 3(a),
three center lines are clearly observable at T = 16 K
and P = 0.3 GPa, corresponding to three 35Cl sites.
The satellites are distant from the center lines (data not
shown). Their frequency shifts relative to 35γH are pro-
portional to 1/H, due to a second-order quardrupolar
correction. Here 35γ=4.171 MHz/T is the gyromagnetic
ratio of 35Cl, and H is the external field. The NMR
spectrum is broadened prominently when cooled to 4 K,
which is a clear signature of AFM ordering, due to the
development of the internal magnetic field. Similar be-
haviors are also observed for other pressures up to 1 GPa,
with the broadened NMR spectra seen at 4 K/6 K (lower
panels in Fig. 3(a)-(e)).
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FIG. 5: Typical magnetization recovery as functions of time
for the 35T1 measurements in the low-pressure phase. The
solid lines are the function fits described in Sec. II.
The 35T1 are measured systematically on the leftmost
peak marked by the down arrows in Fig. 3. As shown
in Fig. 4, the 1/35T1 are plotted as functions of tem-
peratures at different pressures. 1/35T1 first increases
upon cooling below 200 K, indicating growing low-energy
spin fluctuations toward magnetic ordering; upon further
cooling, it is peaked at the transition temperature TN
(see inset of Fig. 4), followed by a dramatic decrease in
the ordered state. From this, the TN are precisely deter-
mined and plotted as a function of pressure in Fig. 1(a).
A non-monotonic change of TN is also revealed here,
which will be compared with the the magnetization data
later.
The magnetization recovery curves and the high-
quality of data fitting for 35T1 are demonstrated in Fig. 5,
under a typical pressure 0.85 GPa. At 60 K, the magne-
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FIG. 6: The 35Cl spectra of the long 35T1 phase measured
at (a) 0.85 GPa and (b) 1.5 GPa, under different fields. A
τ ≈ 100 ms is used in the echo sequence (Sec. II). Vertical
offsets are applied for clarity. The down arrows mark the se-
lected frequency for the 35T1 measurements reported in Fig. 7.
tization already saturates with a recovery time of 0.02 s,
which makes strong contrast to the high-pressure phase
presented later.
At 0.5 GPa ≤P≤ 1.0 GPa, the total spectral weight at
16 K for this paramagnetic phase decreases with pressure,
as shown in Fig. 3(a)-(e). The spectral loss is not a 35T2
effect, since a small τ (T2) is used in the echo sequence
(Sec. II). Similar spectral weight reduction is also seen at
4 K/6 K. Such signal loss indicates a volume reduction in
the measured phase. The volume fraction of this phase
is then calculated from the relative integrated spectral
weight at 16 K (same for 6 K), and plotted as a function
of pressure in Fig. 1(b). A drop of the volume fraction
from 100% to zero is seen with pressure increased from
0.45 GPa to 1.05 GPa.
V. 35Cl spectra and 1/35T1 for the high-pressure,
long-35T1 phase
The above reduced spectral weight is in fact transferred
to an emergent high-pressure phase with very long T1 and
T2. Taking advantage of their different
35T1 and
35T2, the
spectra of two phases are easily separable (see Sec. II).
In Fig. 6(a) and (b), the long 35T1 spectra are shown at
0.85 GPa and 1.5 GPa respectively. For P =1.5 GPa,
only the long-35T1 component is detectable by NMR.
For P =0.85 GPa, both a short-35T1 component (see
Fig. 3(d)) and a long-35T1 component (see Fig. 6(a)) are
resolved. Here, the 30% spectral weight loss in the short-
35T1 phase is exactly recovered in the long-
35T1 phase.
Therefore, using NMR as a local probe, the phase sepa-
ration of two phases at intermediate pressures is clearly
demonstrated.
The 1/35T1 for the high-pressure phase are shown in
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FIG. 7: The spin-lattice relaxation rate 1/35T1 as func-
tions of temperatures for the long-35T1 phase. The solid line
is a function fit with a thermal activation form 1/T1(T ) =
be−∆/KBT , with temperature from 280 K to 140 K. The T ∗
marks a temperature with a peaked feature in 1/35T1.
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FIG. 8: The 35Cl and 37Cl spectra for the long-T1 phase
measured at 0.8 GPa.
Fig. 7, as functions of temperatures. For all pressures,
the 1/35T1 first decreases rapidly upon cooling, and then
levels off below 100 K. Strikingly, below 100 K, the 35T1 of
the high-pressure phase is lowered by about five orders of
magnitude, compared to the low-pressure data presented
in Fig. 4.
In particular at 1.5 GPa, the 1/35T1 is reduced by al-
most three orders of magnitude when cooled from 280 K
to 140 K, which suggests a phase transition occurring at
a temperature above 280 K. We attempted to fit the data
with a thermal activation function 1/T1 = be
−∆/KBT . If
a constant spin gap is considered, ∆ = 150±10 mev is
estimated (see the blue line in Fig. 7). However, this
gap value may be largely overestimated in such a narrow
high-temperature range.
For other pressures, a significant reduction in 1/35T1
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FIG. 9: The magnetization recovery curves for the 35T1 mea-
surements performed at 1.5 GPa. The solid lines are function
fits described in Sec. II.
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FIG. 10: The frequency dependence of 1/35T1 across the
NMR spectra, measured at different temperatures under a
representative pressure 1.5 GPa.
is also seen, except that the reduction shifts to lower
temperatures with decreasing pressure, as shown by the
data at 0.6 GPa (Fig. 7). These 1/35T1 data are consis-
tent with the magnetization data, where a Tx found to be
250 K at 1.0 GPa and keeps increasing with pressure. By
NMR, we are unable to trace the transition temperature,
because of the poor signal quality at high temperatures.
To verify that our assignment of the 35Cl spectra is cor-
rect, the center lines of both 35Cl and 37Cl isotopes are
shown in Fig. 8 for the long-T1 phase, at a typical tem-
perature (20 K) and a typical pressure (0.8 GPa). Their
center frequencies scale approximately with their gyro-
magnetic ratios, 35γ=4.171 and 37γ=3.472. The spectra
weight for 35Cl is much larger, which is also consistent
with their different natural abundance (ratio ≈ 3:1).
In Fig. 9, typical magnetization recovery curves for the
35T1 measurements in the high-pressure phase are also
shown. Below 140 K, the magnetization only becomes
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FIG. 11: The 35Cl spectrum measured under 12 T field ap-
plied in the ab-plane, at P = 1.5 GPa and at T = 10 K. The
solid vertical lines mark the position of center lines (c1,c2, and
c3) and possible satellites (s1,s2, and s3) of three inequivalent
35Cl sites under field. The down arrow marks the position
where the 1/35T1 are reported in Fig. 12. Inset: The
35Cl
spectra measured under 12 T and 9 T field at the same pres-
sure and temperature as shown in the main panel.
appreciable when the recovery time is much longer than
1 s, in strong contrast to the low-pressure phase presented
earlier. The data fitting, as shown by the solid lines, is
again of high quality.
The 1/35T1 is checked as functions of frequency across
the spectra, with data shown in Fig. 10 at a typical
pressure 1.5 GPa. For any temperature, the variation
of 1/35T1 across the whole spectra is less than a factor
of two. Therefore, the temperature behavior of 1/35T1,
presented in Fig. 7, is validated.
VI. NMR spectra and 1/35T1 data with field
applied in the ab-plane
For verification, we further performed NMR measure-
ments with field applied in the ab-plane. In Fig. 11, the
35Cl spectrum at 12 T is shown, under a fixed pressure
of 1.5 GPa and a fixed temperature 10 K.
Three sharp peaks are resolved close to the frequency
f0=
35γH, and ranged from -4 MHz to 0 MHz. We confi-
dently assigned them to the center lines of three inequiv-
alent 35Cl sites in the lattice, as labeled by c1, c2, and
c3. This is verified by comparing the spectra at 9 T and
12 T, as shown in the inset of Fig. 11. For each peak,
its relative frequency to f0 scales with 1/H, fully consis-
tent with a second-order quadrupolar correction in the
absence of Knight shift37.
We attempt to assign three broad lines at higher fre-
quencies, labeled as s1, s2, s3, to the satellite lines of
three 35Cl sites. By comparing the spectra at 9 T and 12
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FIG. 12: The spin-lattice relaxation rate 1/35T1 as functions
of temperatures for the low-pressure (short-T1) phase and the
high-pressure (long-T1) phase, with field applied in the ab-
plane.
T (inset of Fig. 11), the relative frequency of each peak
is consistent with a combination of a first-order (a large
constant term) and a second-order (a small term ∝1/H)
quadrupolar correction37. However, the integrated spec-
tral weight for s1, s2, s3 are much less than that of c1, c2,
and c3. This may be caused by local disorders, where the
satellite signals are distributed broadly into backgrounds.
We defer this for future verification.
The 1/35T1 with the in-plane field are measured at
two typical pressures 0.2 GPa and 1.5 GPa, with data
shown in Fig. 12. At 0.2 GPa, only a short-35T1 phase is
seen. The lack of a peaked feature in 1/35T1 is consistent
with the suppression of the magnetic ordering by large
in-plane fields29–33. At 1.5 GPa, a sharp drop of 1/35T1
is seen below 240 K, consistent with the long-35T1 phase
revealed with the c-axis field (Fig. 7).
VII. Discussions
The lines of phase transitions by different measure-
ments are summarized in Fig. 1(a). In the following, we
first discuss the low-pressure, short-35T1 phase, and then
discuss the emergent high-pressure, long-35T1 phase.
Our NMR measurements under a c-axis field resolve a
decrease of TN from 7.5 K to 6 K with pressure from 0
to 0.45 GPa, and then an increase from 6 K to 14 K with
pressure from 0.45 GPa to 1.0 GPa (see Fig. 1(a)). Since
the c-axis field barely affects the magnetic ordering22, the
TN line determined by NMR with c-axis field should be
close to that at zero field. This non-monotonic change
of TN cannot be understood simply by an increased in-
terlayer coupling. In fact, TN varies with different c-axis
staking pattern at the ambient pressure, with TN≈ 7.5 K
for the ABC staking, and TN≈ 14 K for the AB stack-
ing26. Coincidentally, our TN is about 7.5 K at P= 0,
and levels off at about 14 K at 0.8 GPa ≤P≤ 1.0 GPa.
This suggests that pressure causes an interlayer sliding,
which transforms the ABC stacking to the AB stacking
under pressure. The dip of TN at 0.5 GPa is attributed an
intermediate stacking, and/or stacking fault in the mid-
dle. In fact, it was reported that α-RuCl3 is subject to
the ABC-to-AB stacking rearrangement under mechani-
cal pressure24.
Although our crystal is verified to be primarily of ABC
stacking after growth14,30, the high-pressure magnetiza-
tion measurement gives different TN s with pressure below
0.5 GPa. A primary TN of 13.6 K is obtained with sample
sealed in the pressure cell, which is consistent with the
AB stacking. The majority of the AB stacking revealed
in the M(T ) data suggests a strong impact of sample
environment in the pressure cell. In fact, the sample
space in the magnetization pressure cell has a dimension
of Φ2×4 mm, much smaller than that of the NMR pres-
sure cell (Φ4×8 mm). For comparison, the TN s measured
by the the heat capacity measurements in the diamond
anvil cell34 are much smaller than ours. These facts sug-
gest that the stacking rearrangement or stacking faults
are more severe for small cells.
In principle, the volume fraction of the low-pressure,
antiferromagnetic phase can also be estimated by the the
M(T ) data by a two-component fitting scheme. How-
ever, we found this fitting gives very large errors (data
not shown), since only a narrow temperature range is
available to fit the low-temperature M(T ) data. Never-
theless, at 1.0 GPa, the reduction of M by 75% from 250
K to 240 K is consistent with 30% volume fraction of the
low-pressure phase estimated by NMR.
Next, we discuss the high-pressure phase. The high-
pressure, low-temperature phase is characterized by the
strong reduction in both M and the 1/T1, which indi-
cates that both the static susceptibility and the low-
energy spin fluctuations are strongly suppressed. The
phase transition is suggested by a rapid suppression of
M below Tx at 1.0 GPa, and by a rapid drop of 1/
35T1
by about three orders of magnitude when cooled from
280 K to 140 K at 1.5 GPa. The transition, if exist, also
moves to higher temperatures with pressure from both
the M and the 1/35T1 data. In the following, we discuss
candidate mechanism, in our knowledge, to understand
the high-pressure phase.
i) Transition to a nonmagnetic valence state of Ru
ions. To our knowledge, no such valence transition has
been reported for Ru3+, in particular by such low pres-
sures (∼0.5 GPa). However, it is still worthwhile to check
if other valence states are formed by covalent bonding or
by charge ordering in α-RuCl3.
ii)Crossover from a low-spin to a high-spin state. Since
the transition-like behavior at 250 K (P= 1.0 GPa) sug-
gests a large pressure-enhanced energy scale, it is impor-
tant to know if a high-spin state is achieved under pres-
sure. However, Ru3+, with 3d5 electronic state, has a low
spin state (s=1/2) at zero pressure8. To our knowledge,
7a low-spin to a high-spin transition occurs with enlarged
lattice parameters, in opposite to the pressure effect.
iii)Formation of a gapped spin liquid. A gapped spin
liquid causes a large drop in 1/35T1 and M . However, the
onset temperature Tx are too high for a 2D spin liquid.
Further, the spin liquid usually occurs by a crossover
behavior, rather than any phase-transition-like behavior
revealed in M at 1.0 GPa.
iv)A structural Phase transition or strong structural
disorder. We comment further on the interplay of the
lattice structure and the magnetism in the high-pressure
phase. From the Kramers theorem38, the spin of Ru3+
in the 4d5 state should remain finite, regardless of local
structures under pressure. Furthermore, the significant
reduction on the static susceptibility at high tempera-
tures (Tx) is not consistent with a conventional lattice
disorder, because M is usually enhanced by disorder in
the antiferromagnetic materials. Therefore, the sharp
phase-transition-like behavior in M has to be understood
with strong magnetic interactions. On the other hand,
the large Tx (250 K at 1.0 GPa) suggests that the ex-
change coupling has an energy scale over 21.7 meV. Since
this is much bigger than any exchange couplings at the
ambient pressure14,26, a large change of local lattice is
required to understand the data.
For α-RuCl3, pressure may affect its lattice structure
in multifold ways. First, pressure enhances the interlayer
exchange couplings significantly. Second, stacking faults
can be induced by pressure. Even at the ambient pres-
sure, the stacking pattern causes a monoclinic to rhom-
bohedral structural phase transition upon cooling, and a
coexistence of two structures between 70 K and 170 K39.
Our low-pressure evidence of different TN under different
measurements, and the non-monotonic change of TN with
pressure, suggest that the c-axis stacking is very sensitive
to pressure conditions. At high pressures, stacking fault
is highly possible and induces inhomogeneous exchange
couplings. Lastly, as we will discuss later, local lattice
dimerization in the ab-plane is also possible under pres-
sure. Although high-pressure x-ray measurements did
not reveal any structural transitional at 300 K34, low-
temperature structural investigations are demanded to
reveal the primary structural cause for the dramatic in-
crease of local exchange couplings.
v)Phase transition to a magnetically ordered state.
NMR line broadening or splitting should be seen if mag-
netic ordering exists. However, this is not observed in
our system with both field orientations. In particular
with H‖ab, three sharp NMR lines are resolve at 1.5 GPa
(fig. 11), whose resonance frequencies are fully consistent
with second-order quadrupolar corrections, as described
earlier by comparing with data under different fields. The
absence of hyperfine field is consistent with reduced lo-
cal susceptibility revealed by the magnetization measure-
ments. The same conclusion is also drawn with field ap-
plied along the c-axis. As shown in Fig. 6(b), the NMR
linewidth at 1.5 GPa and 20 K, measured at 8 T and 12 T,
approximately scales with 1/H (see Fig. 6(b)), again con-
sistent with a second-order quadrupolar correction to the
spectra.
However, in this high-pressure phase, a peaked behav-
ior in 1/35T1 is seen at a temperature of ∼ 14 K, labeled
by a T ∗ as shown in Fig. 7. Since the value of the 1/35T1
already becomes too small below 100 K, this peaked be-
havior is unlikely to be an intrinsic effect. Given that T ∗
is close to the TN of the low-pressure phase (Fig. 7), it
is possible that a residual low-pressure phase extends to
high pressures with a very small volume fraction, and af-
fects the 1/35T1 of the high-pressure phase by a proximity
effect.
vi) Transition to a magnetically disordered state. From
all above discussions, we think that our data give com-
pelling evidence that there is no magnetic ordering at
high pressures. As a result, a magnetically disordered
phase is established, and labeled in the high-pressure
regime in the phase diagram in Fig. 1(a).
In particular, a magnetic valence-bond-crystal state
may be formed, in which the lattice symmetry is (A)
either spontaneously broken40,41 or (B) explicitly broken
under pressure. The large spin gap revealed in the 1/35T1
indicates that ground sate may belong to case (B), where
the interactions explicitly break the C3 symmetry. If one
of the three bonds is fairly larger than the other two, the
ground state form disconnected dimers and the energy
gap is of the order of the exchange interactions.
In α-RuCl3, a pressure-induced dimerized state with
strongly enhanced interactions is possible for the follow-
ing reasons. First, local lattice dimerization may be fa-
vored under pressure. A recent LDA calculation shows
that the on-site Coulomb repulsion U plays an essential
role for local lattice structure of α-RuCl3
42. A zigzag pat-
tern is stabilized with a large U/t, whereas lattice dimer-
ization is formed at small U/t. With applying pressure,
a reduction of U/t is expected in principle, which may
drive toward a dimerized lattice structure. Second, the
dimerized local exchanges can be greatly enhanced under
lattice dimerization. Finally, if the pressure is not com-
pletely isotropic, spatially anisotropic interactions may
further be enhanced.
In literature, structural dimers were reported fre-
quently to assist local singlets, such as these observed in
TlCuCl3
43 and SrCu2(BO3)2
44. Therefore, we think the
valence-bond-crystal ground state is a candidate for the
high-pressure phase of α-RuCl3, due to interplay among
local structures and spin-lattice couplings.
VIII. Summary and acknowledgment
To summarize, our magnetization and NMR studies
on α-RuCl3 reveal a non-monotonic change of TN at low
pressures, and a phase separation at intermediate pres-
sures below 1.05 GPa. Above 1.05 GPa, a new mag-
netic ground state is stabilized, which has significantly
reduced static susceptibility and low-energy spin fluctu-
ations. We discussed possible scenarios to account for
8these observations. Among them, a magnetically disor-
dered state, in particular a valence-bond-crystal state is
proposed as a candidate for the high-pressure phase, orig-
inating from pressure-enhanced spatially anisotropic in-
teractions. Our results provide α-RuCl3 as an interesting
system for sensitive tuning of magnetic properties with
the interplay among the spin and the lattice degrees of
freedom.
The authors acknowledge the discussions with Profs.
Youwen Long, Rong Yu, Liling Sun, Qianghua Wang,
Shunli Yu, and Wei Ji. This work was supported
by the National Science Foundation of China (Grant
Nos. 11374364, 11374143, 11574392, and 11674157), by
the Ministry of Science and Technology of China (Grant
No. 2016YFA0300504), and by the Fundamental Re-
search Funds for the Central Universities and the Re-
search Funds of Renmin University of China (Grant
No. 14XNLF08).
∗ These authors contributed equally to this study.
† Electronic address: wqyu phy@ruc.edu.cn
1 A. Kitaev, Ann. Phys. 321, 2 (2006).
2 J. Chaloupka, G. Jackeli, and G. Khaliullin, Phys. Rev.
Lett. 105, 027204 (2010).
3 Y. Singh, S. Manni, J. Reuther, T. Berlijn, R. Thomale,
W. Ku, S. Trebst, and P. Gegenwart, Phys. Rev. Lett.
108, 127203 (2012).
4 H. Gretarsson, J. P. Clancy, X. Liu, J. P. Hill, E. Bozin,
Y. Singh, S. Manni, P. Gegenwart, J. Kim, A. H. Said,
D. Casa, T. Gog, M. H. Upton, H.-S. Kim, J. Yu, V. M.
Katukuri, L. Hozoi, J. van den Brink, and Y.-J. Kim, Phys.
Rev. Lett. 110, 076402 (2013).
5 H. S. Chun, J.-W. Kim, J. Kim, H. Zheng, C. C. Stoumpos,
C. D. Malliakas, J. F. Mitchell, K. Mehlawat, Y. Singh,
Y. Choi, T. Gog, A. Al-Zein, M. M. Sala, M. Krisch, J.
Chaloupka, G. Jackeli, G. Khaliullin, and B. J. Kim, Na-
ture Phys. 11, 462 (2015).
6 J. G. Rau, E. K.-H. Lee, and H.-Y. Kee, Ann. Rev. Con-
dens. Matter Phys. 7, 195 (2016).
7 I. Pollini, Phys. Rev. B 53, 12769 (1996).
8 K. W. Plumb, J. P. Clancy, L. J. Sandilands, V. V.
Shankar, Y. F. Hu, K. S. Burch, H.-Y. Kee, and Y.-J.
Kim, Phys. Rev. B 90, 041112 (2014).
9 H.-S. Kim, Vijay Shankar V., A. Catuneanu, and H.-Y.
Kee, Phys. Rev. B 91, 241110 (2015).
10 L. J. Sandilands, Y. Tian, K. W. Plumb, Y.-J. Kim, and
K. S. Burch, Phys. Rev. Lett. 114, 147201 (2015).
11 Y. Kubota, H. Tanaka, T. Ono, Y. Narumi, and K. Kindo,
Phys. Rev. B 91, 094422 (2015).
12 L. J. Sandilands, Y. Tian, A. A. Reijnders, H.-S. Kim, K.
W. Plumb, Y.-J. Kim, H.-Y. Kee, and K. S. Burch, Phys.
Rev. B 93, 075144 (2016).
13 A. Koitzsch, C. Habenicht, E. Mu¨ller, M. Knupfer, B.
Bu¨chner, H. C. Kandpal, J. van den Brink, D. Nowak,
A. Isaeva, and T. Doert, Phys. Rev. Lett. 117, 126403
(2016).
14 K. J. Ran, J. H. Wang, W. Wang, Z.-Y. Dong, X. Ren, S.
Bao, S. C. Li, Z. Ma, Y. Gan, Y. T. Zhang, J. T. Park, G.
C. Deng, S. Danilkin, S.-L. Yu, J.-X. Li, and J. S. Wen,
Phys. Rev. Lett. 118, 107203 (2017).
15 G. Jackeli, and G. Khaliullin, Phys. Rev. Lett. 102, 017205
(2009).
16 B. J. Kim, H. Ohsumi, T. Komesu, S. Sakai, T. Morita, H.
Takagi, and T. Arima, Science 323, 1329 (2009).
17 K. Foyevtsova, H. O. Jeschke, I. I. Mazin, D. I. Khomskii,
and R. Valent´ı, Phys. Rev. B 88, 035107 (2013).
18 J. Chaloupka, and G. Khaliullin, Phys. Rev. B 94, 064435
(2016).
19 T. Birol, and K. Haule, Phys. Rev. Lett. 114, 096403
(2015).
20 W. Wang, Z. Y. Dong, S. L. Yu, and J. X. Li, arXiv:
1612.09515 (2016).
21 J. A. Sears, M. Songvilay, K. W. Plumb, J. P. Clancy, Y.
Qiu, Y. Zhao, D. Parshall, and Y.-J. Kim, Phys. Rev. B
91, 144420 (2015).
22 M. Majumder, M. Schmidt, H. Rosner, A. A. Tsirlin, H.
Yasuoka, and M. Baenitz, Phys. Rev. B. 91, 180401 (R)
(2015).
23 R. D. Johnson, S. C. Williams, A. A. Haghighirad, J.
Singleton, V. Zapf, P. Manuel, I. I. Mazin, Y. Li, H. O.
Jeschke, R. Valent´ı, and R. Coldea, Phys. Rev. B 92,
235119 (2015).
24 H. B. Cao, A. Banerjee, J.-Q. Yan, C. A. Bridges, M. D.
Lumsden, D. G. Mandrus, D. A. Tennant, B. C. Chak-
oumakos, and S. E. Nagler, Phys. Rev. B 93, 134423
(2016).
25 J. Nasu, J. Knolle, D. L. Kovrizhin, Y. Motome and R.
Moessner, Nature Phys. 12, 912 (2016).
26 A. Banerjee, C. A. Bridges, J. Q. Yan, A. A. Aczel, L. Li,
M. B. Stone, G. E. Granroth, M. D. Lumsden, Y. Yiu, J.
Knolle, S. Bhattacharjee, D. L. Kovrizhin, R. Moessner,
D. A. Tennant, D. G. Mandrus, and S. E. Nagler, Nature
Mater. 15, 733 (2016).
27 A. Banerjee, J. Q. Yan, J. Knolle, C. A. Bridges, M. B.
Stone, M. D. Lumsden, D. G. Mandrus, D. A. Tennant, R.
Moessner, S. E. Nagler, Science 356, 1055 (2017).
28 S.-H. Baek, S.-H. Do, K.-Y. Choi, Y. S. Kwon, A. U.
B. Wolter, S. Nishimoto, Jeroen van den Brink, and B.
Bu¨chner, Phys. Rev. Lett. 119, 037201 (2017).
29 I. A. Leahy, C. A. Pocs, P. E. Siegfried, D. Graf, S.-H. Do,
K.-Y. Choi, B. Normand, and M. Lee, Phys. Rev. Lett.
118, 187203 (2017).
30 J. C. Zheng, K .J. Ran, T. R. Li, J. H. Wang, P. S. Wang,
B. Liu, Z. X. Liu, B. Normand, J. S. Wen, and W. Q. Yu,
arXiv: 1703.08474 (2017).
31 J. A. Sears, Y. Zhao, Z. Xu, J. W. Lynn, and Y.-J. Kim,
Phys. Rev. B 95, 180411 (2017).
32 A. U. B. Wolter, L. T. Corredor, L. Janssen, K. Nenkov, S.
Scho¨necker, S.-H.Do, K.-Y. Choi, R. Albrecht, J. Hunger,
T. Doert, M. Vojta, and B. Bu¨chner, Phys. Rev. B 96,
041405 (2017).
33 R. Hentrich, A. U. B. Wolter, X. Zotos, W. Brenig, D.
Nowak, A. Isaeva, T. Doert, A. Banerjee, P. Lampen-
Kelley, D. G. Mandrus, S. E. Nagler, J. Sears, Y.-J. Kim,
B. Bu¨chner, and C. Hess, arXiv: 1703.08623 (2017).
34 Z. Wang, J. Guo, F. F. Tafti, A. Hegg, S. Sen, V. A.
Sidorov, L. Wang, S. Cai, W. Yi, Y. Zhou, H. Wang, S.
Zhang, K. Yang, A. Li, X. Li, Y. Li, J. Liu, Y. Shi, W. Ku,
Q. Wu, R. J. Cava, L. Sun, arXiv: 1705.06139 (2017).
935 A. P. Reyes, E. T. Ahrens, R. H. Heffner, P. C. Hammel,
and J. D. Thompson, Rev. Sci. Instrum. 63, 3120 (1992).
36 R. Yadav, N. A. Bogdanov, V. M. Katukuri, S. Nishimoto,
J. v. d. Brink, and L. Hozoi, Sci. Rep. 6, 37925 (2016).
37 A. Abragam, Principles of Nuclear Magnetism (Oxford
Universiy Press, 1961).
38 P. Fazekas, Lecture notes on electron correlation and Mag-
netism (World scientific, 1999).
39 A. Glamazda, P. Lemmens, S.-H. Do, Y. S. Kwon, and
K.-Y. Choi, Phys. Rev. B 95, 174429 (2017).
40 S. Sachdev, Nature Physics, 4, 173 (2008).
41 S. Pujari, K. Damle, and F. Alet, Phys. Rev. Lett. 111,
087203 (2013).
42 H.-S. Kim, and H.-Y. Kee, Phys. Rev. B 93, 155143 (2016).
43 Ch. Ru¨egg, B. Normand, M. Matsumoto, A. Furrer, D. F.
McMorrow, K.W. Kra¨mer, H. -U. Gu¨del, S. N. Gvasaliya,
H. Mutka, and M. Boehm, Phys. Rev. Lett. 100, 205701
(2008).
44 H. Kageyama, K. Yoshimura, R. Stern, N. V. Mushnikov,
K. Onizuka, M. Kato, K. Kosuge, C. P. Slichter, T. Goto,
and Y. Ueda, Phys. Rev. Lett. 82, 3168 (1999).
